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(A) NON-CONVENT IONAL COMMUNIC AT1 ON N 6 5  8 8 5 4 8  
DEVICES FOR THE MARS MISSION* 

+ 
Keeve M. S iege1  

The advantages which a r e  obtained from t h e  use  of  

non-conventional communication systems ope ra t ing  a t  

wavelengths o t h e r  t han  microwave, e.g., o p t i c a l  and 

millimeter, a r e  weighed aga ins t  t h e  d isadvantages .  

I t  i s  concluded t h a t  some small  r e l a t i v e  advantage can  

probably be gained i n  t h e  millimeter range, b u t  t h a t  

t h i s  advantage i s  not  s i g n i f i c a n t  and t h a t  t h e r e  i s  

no fo reseeab le  advantage i n  t h e  o p t i c a l  range. There- 

fo re ,  it appears  t h a t  improvements i n  space communica- 

t i o n  techniques  a r e  most l i k e l y  t o  be found w i t h i n  t h e  

microwave reg ion .  

L e t  me begin  by making a smal l  b u t  s i g n i f i c a n t  grammatical a d d i t i o n  t o  t h e  

. t i t l e  of  t h e  f i rs t  p a r t  o f  my t a l k ;  I want t o  add a ques t ion  mark t o  t h e  end 

of t h e  t i t l e .  

communication f o r  t h e  manned Mars exp lo ra t ion  can be expected from c u r r e n t l y  

used dev ices  and techniques,  foreseeably  improved over  t h e  next  few yea r s .  

Hence, be fo re  t h e  accumulated experience wi th  t h e s e  techniques  i s  abandoned, 

a r a t h e r  s t rong  case  must be made f o r  a change. 

A s  D r .  Recht in  has  ind ica ted ,  adequate i f  no t  a l l - s a t i s f y i n g  

Of t h e  newer dev ices  o f t e n  r e f e r r e d  t o  i n  connect ion wi th  space communication, 

t h e  l a s e r  i s  o f t e n  desc r ibed  a s  p a r t i c u l a r l y  promising. 

t h a t  even g ran t ing  cons iderable  improvement over  c u r r e n t  l a s e r  performance, it 

i s  n o t  a t  a l l  c l e a r  t h a t  t h e  l a s e r  i s  ove r ly  promising f o r  t h i s  a p p l i c a t i o n .  

I am i n c l i n e d  t o  t h i n k  

* 
Prepared f o r  t e c h n i c a l  papers  t h a t  w i l l  l a t e r  be publ ished i n  t h e  Proceedings 
of t h e  American A s t r o n a u t i c a l  Society.  
P r e s i d e n t  o f  Conductron Corporation, Ann Arbor, Michigan. 

Th i s  work m s  performed under NASA c o n t r a c t  SC-NASw-490. 
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Suppose we cons ide r  an o p t i c a l  communication system r e l a t i v e  t o  a microwave 

system. I w i l l  t a l k  only about communications from Mars t o  Earth,  t h e  d i f f i c u l t  
l i n k .  

I'll p u t  t h e  r e c e i v e r  ou t s ide  t h e  E a r t h ' s  atmosphere, i n  a s a t e l l i t e  o r  on t h e  

Moon, and t h e  t r a n s m i t t e r  ou t s ide  Mars' atmosphere. 

Fur ther ,  I ' m  no t  going t o  worry about  atmospheric i n t e r f e r e n c e  problems; 

As a measure of t h e  r e l a t i v e  m e r i t  of t he  two systems, suppose w e  use a 

s igna l - to-noise  r a t i o  - 
noise  power. 

the  comparison a r e :  

t h e  r a t i o  of t h e  power a v a i l a b l e  t o  a deeector ,  t o  

Leaving a s i d e  miscel laneous cons t an t s  t h e  f a c t o r s  involved i n  

1. 
2 .  

Power r ad ia t ed  by t h e  antenna, PT; 

Gain o f  t h e  t r a n s m i t t i n g  antenna, f o r  which I'll use  a measufe of 

beamwidth, 8 ; 

Effec t ive  a rea  of  t h e  r ece iv ing  antenna, 

Noise power, f o r  which I use t h e  product  of  an  e f f e c t i v e  temperature  

and bandwidth, TAf; 

%; 3 .  
4. 

5 .  Detec t ion  e f f i c i ency ,  t h e  e f f i c i e n c y  of  conversion o f  power i n c i d e n t  

on t h e  r ece iv ing  antenna t o  power a v a i l a b l e  t o  t h e  r e c e i v e r  i n p u t  

ampl i f i e r ,  ER. 
# Thus: 

ZZ ['T 1 X [e2 1 LER1 
S 
i;i 

Signal-to-Noise Radiated Tra nsmi t t e r  Area of  Detec t ion  
Power a t  De tec to r  Power Beamwidth Receiving Ef f i c i ency  

Ant e nna 

1 '  [ E f f e c t i v e  Temperature 
X Bandwidth 

We might  make a sma l l  change i n  i n t e r p r e t a t i o n .  

assumed, t h e  bandwidth Af can be considered t o  be a r e c i p r o c a l  p u l s e  per iod,  

and PT/Af considered a s  t h e  energy per  p u l s e  - or ,  crudely,  a s  t h e  energy p e r  

b i t  of in format ion  f o r  low S/N r a t i o s .  

If a p u l s e  coded s i g n a l  i s  

L e t  US c o n s i d e r  some r e l a t i v e  va lues  f o r  t h e s e  parameters .  

F i r s t  we might no te  t h a t  r ad ia t ed  power PT i s  probably not  t h e  r e l e v a n t  parameter 

f o r  t h e  comparison. A more p e r t i n e n t  parameter  i s  t h e  e f f i c i e n c y  of  conversion 
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from prime energy t o  r ad ia t ed  energy. 

determined p r imar i ly  by t h e  veh icu la r  cons ide ra t ions .  

a l l o c a t e d  f o r  communication should be a sma l l  f r a c t i o n  of  t h a t  devoted f o r  

continuous opera t ion  of t h e  l i f e  support  system, o r  poss ib ly  an ion  propuls ion  

system. Even t h i s  small  f r a c t i o n  i s  f u r t h e r  reduced by the  need f o r  a c e r t a i n  

amount of redundancy which w i l l  be used f o r  r e l i a b i l i t y  assurance .  

The a v a i l a b l e  prime energy w i l l  be 

The f r a c t i o n  of it 

Current  microwave systems have conversion e f f i c i e n c i e s  ranging from 10 t o  40 
p e r c e n t ;  we might expect  t o  have a v a i l a b l e  50 percen t  conversion e f f i c i e n c y .  

Since t h e s e  systems have been around q u i t e  awhile,  it i s  not  l i k e l y  t h a t  major 

improvements w i l l  be made. 

So l id - s t a t e  and gas l a s e r s  have e f f i c i e n c i e s  runn ing . to  a few pe rcen t .  

diode l a s e r s  have e f f i c i e n c i e s  comparable t o  micrpwave systems, a l though wi th  

cons iderably  l e s s  average power c a p a b i l i t y  than  s o l i d - s t a t e  l a s e r s .  

Inf ra red  

Nevertheless ,  I w i l l  al low t h e  l a s e r  marked improvement, and assume t h a t  bo th  

systems w i l l  have comparable e f f i c i e n c i e s .  I n  e f f e c t ,  then  I'll be  comparing 

t h e  two systems wi th  both  having t h e  same rad ia t ed  power. 

The t r a n s m i t t e r  beamwidth 8 is  t h e  next f a c t o r ;  t h i s  i s  t h e  f a c t o r  which makes 

t h e  o p t i c a l  system seem a t t r a c t i v e .  Roughly speaking, t h e  l i m i t i n g  beamwidth 

i s  of t h e  o rde r  of t h e  r a t i o  o f  wavelength t o  a c h a r a c t e r i s t i c  antenna dimen- 

s i o n .  If we suppose t h e  microwave wavelength t o  be 10 cent imeters  (S-band) 

and t h e  o p t i c a l  wavelength t o  be 1 micron (Ruby a t  .6943 microns, o r  gas a t  

1 . 1 5 1 ~ ) ~  it would appear  t h a t  f o r  t h e  same antenna dimensions we could g e t  a 

f a c t o r  o f  103 improvement i n  beamwidth, and t h u s  much more e f f e c t i v e l y  focus 

t h e  t r ansmi t t ed  power onto  t h e  . receiving antenna.  

t r u e .  I n  p r a c t i c e ,  t h i s  r e s o l u t i o n  would be a l i t t l e  hard t o  use.  A t  a 
nominal range of 40 x 10 6 miles, a beamwidth of 10-5 rad ians  focusses  t o  a 

"spot" d iameter  of only 400 mi les .  

of 

k ind  of  focuss ing  r equ i r e s  maintaining antenna t o l e r a n c e s  to ,  say, h/20 = 5 A 

o r  b e t t e r .  I d o n ' t  want t o  be unduly p e s s i m i s t i c  about t h e  o p t i c a l  beamwidth, 

b u t  I t h i n k  t h a t  a number l ike  r ad ians  i s  more r e a l i s t i c  t han  t h e  d i f f r a c -  
t i o n  l i m i t  of 10- 6 r ad ians  which could, i n  p r i n c i p l e ,  be achieved wi th  about  a 

t h ree - foo t  mi r ro r .  

I n  p r i n c i p l e ,  t h i s  i s  q u i t e  

A p o i n t i n g  e r r o r  o r  po in t ing  f l u c t u a t i o n  

r ad ians  moves t h e  beam o f f  the rece iv ing  antenna.  And, t o  achieve t h i s  
0 
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A s  far  a s  t h e  microwave antenna i s  concerned, it seems reasonable  t o  suppose 

t h a t  a r a t h e r  l a r g e  antenna could be ca r r i ed  t o  Mars disassembled, and re- 

assembled wi th in  q u i t e  reasonable  dimensional t o l e r a n c e s  a t  Mars, p a r t i c u l a r l y  

so i f  assembly i s  made i n  o r b i t ,  where s t r u c t u r a l  s t r e n g t h  and r i g i g i t y  requi re -  

ments a r e  s impl i f i ed ,  

beamwidth o f  

Being a l i t t l e  o p t i m i s t i c  I w i l l  assume t h a t  a microwave 

r ad ians  i s  a reasonable  expec ta t ion .  

4 
Squaring t h e  beamwidths, and t a k i n g  t h e  r a t i o ,  I g e t  a f a c t o r  o f  1 0  i n  f avor  

of  t h e  o p t i c a l  system a t  t h e  t r a n s m i t t e r  end. 

Now l e t ' s  t u r n  t o  t h e  area o f  t h e  rece iv ing  antenna. Some idea  o f  t h e  maximum 

o p t i c a l  a p e r t u r e  which can be  a n t i c i p a t e d  i s  obta ined  by r e f e r r i n g  t o  t h e  200- 

inch  t e l e s c o p e  a t  Mount Palomar. 

say,  a 250-foot microwave antenna. 

c o n s t r u c t i o n  problems, dimensional t o l e rances  and so f o r t h .  Nor do I t h i n k  it 

necessary  t o  dwell  on p o s s i b i l i t i e s  o f  bu i ld ing  up a l a r g e  e f f e c t i v e  area by 

s t ack ing  i n d i v i d u a l  small antennas,  For t h i s  comparison, I t h i n k  it i s  reason- 

a b l e  t o  g i v e  t h e  microwave system an  advantage of a nominal 100 t o  1 area r a t i o  

f o r  coherent  recept ion .  

To be f a i r ,  w e  should c o n t r a s t  t h i s  with,  

I d o n * t  want t o  be labor  t h e  ques t ion  o f  

When it comes t o  n o i s e  power, s p e c i f i c a l l y  t h e  e f f e c t i v e  n o i s e  temperature ,  

t h e  o p t i c a l  system o p e r a t e s  a t  a disadvantage.  The q u a n t i t y  corresponding t o  

t h e  s p e c t r a l  power d e n s i t y  kT a t  microwave f requencies  i s  replaced a t  o p t i c a l  

f r equenc ie s  by h f .  

= hf /k  and, a t  1 p, is  about  1 0  

u s e  a nominal 100  degrees ,  and t h u s  favor  t h e  microwave system by a f a c t o r  o f  

1 0  . 

A corresponding equiva len t  temperature  i s  T equ iva len t  
4 degrees.  For t h e  microwave r e c e i v e r  I w i l l  

2 

For a microwave system a nominal 50 percent  o f  t h e  power c o l l e c t e d  by t h e  

antenna i s  t r a n s f e r r e d  t o  t h e  r ece ive r  i n p u t  

a t  o p t i c a l  f requencies  are, i n  general ,  cons iderably  lower.  

s u r f a c e s  have photon-to-electron power conversion e f f i c i e n c i e s  o f  a few pe rcen t ,  

lower  i n  t h e  red- inf ra red  p a r t  o f  t h e  spectrum. 

j u n c t i o n  devices  approach u n i t y  quantum e f f i c i e n c i e s ,  b u t  t hey  a r e  i n  gene ra l  

r e l a t i v e l y  high s i g n a l  l e v e l  devices .  

c a l l  t h e  r e l a t i v e  weight ing f a c t o r  1. 

Quantum conversion e f f i c i e n c i e s  

Photoemissive 

Photo conductros  and photo 

I'll be generous t o  o p t i c s  aga in  and 

4 



If a l l  t h e  t r a n s m i t t e r  and r e c c i v c r  weighting f a c t o r s  a r c  multfpl icd,  t h e  

o v e r a l l  weighting f a c t o r  i s  

systems have t h e  same s ignal- to-noise  r a t i o .  
un i ty ,  i . c . ,  f o r  t h e  sanw rad ia tpd  power both 

The f a c t  t h a t  it i s  u n i t y  i s  n o t  so important;  numicrs can be . juggkd one way 

o r  t h e  o t h e r .  What i s  important  is  t h a t  it i s  n o t  a n  obviously l a r g t l  f a c t o r  

even wi th  t h e  assumption of a considerable  improvement i n  l a s e r  pqr'formance. 

If we keep i n  mind t h e  reasonable presumption t h a t  t h e  ericrgy a i l o c s i e d  t o  

coinmunications w i l l  be  a smal l  Fract ion o f  t h e  t o t a l  a v a i l a b l e  energy, it i s  

a moot p o i n t  whether any smal l  .;avings i n  weight a r d  s i z p  which might accrue 

t o  t h e  l a s e r  system would bc worth t h e  s a c r i f i c e  o j  t h e  accumulated understand- 

ing,exper.ience, and a v a i l a b i l i t y  of convent ional  microwave equipments. 

The conclusion I have comc t o  regarding d e t e c t e d  s i y a l - t o - n o i s e  r a t i o  is, 

roughly speakj ng, n o t  c r i  1 i c a l l y  dependent on t h e  clioice o f  wavelength. 

then  sugges ts  an examination of t h e  spectrum betweei , say,  t e n  cent imeters  

and onr  micron f o r  a wavelength which combines t h e  d e s i r a b l e  a s p e c t s  of bo th  

wavelengths t o  b e s t  advantage 

This  

General ly  speaking, we would l i k e  a wavelength f o r  which: 

1. An antenna of a Few meters dimension h a s  a beamwidth near  t h e  bes t  

usc>ablC, 

2 .  Thc noisc  s p e c t r a l  power d e n s i t y  i s  descr ibed  more by kT than  by hf ,  

3 "  A f a i r  amount o f  understanding, experience,  and equipment c ixis ts  f o r  

gcnrrCi t i n g ,  ampltfying, modulating ,and d c t e c t  ing s i g n a l  e x i s t s ,  

S t r u c t u r a l  and dimensional to le rances  arc' no t  o v e r s t r i n g e n t .  4. 

I t h i n k  it i s  c lc~nr '  t h a t  I am t a l k i n g  i n  terms o f  m i l l i m e t e r  wavelengths. 

C a p a b i l i t y  c>xis t s  a t  p r e s e n t  o f  generat ing about  EI w a t t  of  c w  power a t  one 

m i l l i m e t e r .  

near  t o  10- r a d i a n s ,  

(3OOOK) mascr preamplifier f o r  t h e  receiver ,  us ing  super  conducting magnets t o  

g c n r r a t c  t h e  n c c d d  magnetic f i v l d .  Using such parameters,  one can show t h a t  

t h e  m i l l i m c t c r  waves offel- some s l i g h t  advantages;  bu t  the  margin h a r d l y  out- 

weighs t h e  r r l i a b i l i t y  a t t a i n a b l e  using e s t a b l i s h e d  convent ional  micrwave  

t e c h n i q u e s .  

An antenna diameter  o f  about f i v e  meters  w i l l  produce a beamwidth 
4 It i s  n o t  i n f e a s i b l e  t o  c o m i d e r  a medium temperature 

However, it docs  w r m  t o  m e  t h a t  t h e  mi l l imeter  waves o f f e r  a t  

5 
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l e a s t  a s  good, and probably a b e t t e r ,  l i ke l ihood  than  o p t i c a l  wavelengths of 

competing wi th  convent ional  techniques.  

There i s  one o t h e r  f a c t o r  i n  t h e  range equat ion  I used e a r l i e r  t h a t  I d id  no t  

mention e x p l i c i t l y ,  and t h a t  i s  ranger  

from t h e  power o r  beamwidth requirements f o r  a s i n g l e  t r a n s m i t t e r  by p u t t i n g  

up  a i-elay t r a n s m i t t e r  halfway between Mars and Ear th .  This  reward is, how- 

ever ,  i n s i g n i f i c a n t  compared t o  t h e  problems of  maintaining t h e  r e l a y  i n  t h e  

r i g h t  o r b i t ,  a t  t h e  r i g h t  t ime, wi th  t h e  r i g h t  o r i e n t a t i o n .  

A f a c t o r  of  about  f o u r  might be c u t  

.. - 

:- 

Last ,  I would l i k e  t o  acknowledge the a s s i s t a n c e  given me i n  a s s i m i l a t i n g  t h e  

d a t a  f o r  t h i s  b r i e f  review by D r .  Murray M i l l e r  of  ou r  s t a f f .  

6 
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(B)  THE U ~ E  OF LDAR TECHNIQUES 
TO SELECT A MARTIAN L A N D I N G  SITE* 

f Keeve M. S iege1  

N 6 5  8 8 5 4 9  
A set  o f  experiments t o  determine t h e  geometr ica l  

c h a r a c t e r  and m a t e r i a l  composition of t h e  Martian 

su r face  a r e  descr ibed .  

upon both  pas s ive  and a c t i v e  e lec t romagnet ic  rad ia-  

t i o n  measurements. B i s t a t i c  and monostatic,  mult i -  

wavelength, h igh  r e so lu t ion  r a d a r  mapping experiments 

a r e  s t rong ly  recommended. 

These experiments depend 

The s e l e c t i o n  of  a landing  s i te  i n  a human exp lo ra t ion  of Mars should be 

based on two types  o f  in format ion .  

t h e  s i z e  and shape of  pro tuberances  which may i n t e r f e r e  wi th  a s a fe  landing  

and l i f t - o f f .  

p a r t i c u l a r l y  i t s  s t r u c t u r a l  p r o p e r t i e s .  

One i s  t h e  shape of  t h e  su r face  contour:  

The o t h e r  i s  t h e  phys ica l  na tu re  of  t h e  sur face  ma te r i a l ,  

The most r e l i a b l e  information about  t h e  su r face  contour,  i n  t h e  d e t a i l  which 

would be required,  w i l l  presumably be obta ined  by photographic means, provided 

t h a t  cond i t ions  f o r  propagat ion  i n  the Martian atmosphere w i l l  permi t  t h i s .  

De ta i l ed  topographica l  maps w i l l  be  necessary f o r  making a judgment about t h e  

s t r u c t u r a l  s t a b i l i t y  of  a landing  s i te ,  and p i c t u r e s  having a r e s o l u t i o n  i n  

t h e  neighborhood of  a f o o t  o r  s o  and taken  a t  va r ious  a spec t  angles  would be 

necessary  t o  s a t i s f y  t h e  requirement completely.  The c o l l e c t i o n ,  i n t e r p r e t a -  

t i o n ,  and communication of images of t h i s  s c a l e  w i l l  pose s e r i o u s  mission time 
problems. 

The i n h e r e n t l y  more d i f f i c u l t  quest ion concerning t h e  m a t e r i a l  composition of 

t h e  l and ing  su r face  can be answered without  su r face  con tac t  only through t h e  

use  o f  s e v e r a l  c o r r e l a t e d  experiments which involve  r a d i a t i o n  a t  a number of  

* 
Prepared f o r  t e c h n i c a l  papers  t h a t  w i l l  l a t e r  be publ ished i n  t h e  Proceedings 
of  the  American As t ronau t i ca l  Society.  

P r e s i d e n t  of Conductron Corporation, Ann Arbor, Michigan 

T h i s  work was performed under NASA c o n t r a c t  SC-NASw-490. 
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f requencies .  By mean's of such experiments based upon t h e  observat ior .  of 

e lec t romagnet ic  r a d i a t i o n  a t  va r ious  f requencies ,  t h e  d e s i r e d  s t r u c t u r a l  

in format ion  can be obtained i n d i r e c t l y ,  i n  s p i t e  of  t h e  f a c t  t h a t  t h e  a c t u a l  

measurements w i l l  be dominated by ma te r i a l  p r o p e r t i e s  o t h e r  t h a n  s t r u c t u r a l  

s t r e n g t h .  

T'WZ fundamental t y p s  of  observa t ion  o f  e lec t romagnet ic  r a d i a t i o n  a t  r ad io  

f requencies  a r e  p o t e n t i a l l y  u s e f u l  f o r  t h i s  purpose.  One i s  a rad iometr ic  

measurement of  t h e  pas s ive  r a d i a t i o n  from t h e  su r face .  

ment i s  a t  p r e s e n t  a s tandard  i tem i n  space exp lo ra t ion  programs. 

i s  an a c t i v e  r a d a r  s c a t t e r i n g  measuremen.t. 

d a t a  which can be used t o  c h a r a c t e r i z e  m a t e r i a l  p r o p e r t i e s  from t h e  o u t e r  

s u r f a c e  t o  some depth below it, thus  providing informat ion  which could not  be 

obta ined  by photographic observa t ion  a lone .  

This  type  of measure- 

The o t h e r  

Both t y p e s  of observa t ion  produce 

Measurements of  pas s ive  r a d i a t i o n  a t  va r ious  f r equenc ie s  w i l l  l e ad  t o  e s t ima tes  

of t h e  product  of t h e  thermal  conduct iv i ty  and volumetr ic  s p e c i f i c  h e a t  of t h e  

su r face  m a t e r i a l .  Es t imates  of  o the r  thermal  cons t an t s  can be deduced from 

radiometr ic  measureinents o f  t h e  sur face  r ad io  temperature  d i s t r i b u t i o n  a s  a 

func t ion  of time and p o s i t i o n  on Mars r e l a t i v e  t o  t h e  sun. 

have been made, f o r  example, from observa t ions  of t h e  thermal  emission from 

t h e  E a r t h ' s  moon by s e v e r a l  i n v e s t i g a t o r s ,  c f .  Giraud', who has  summarized most 

of t h e  work which has  been done i n  t h i s  a rea  and has  presented  an ex tens ive  

b ib l iography of it. 

be h e l p f u l  i n  determining t5e m a t e r i a l  composition of t h e  Martian su r face  and 

i n  checking o t h e r  mathematical ly  r e l a t e d  m a t e r i a l  cons t an t s  which may be 

determined from d a t a  produced by independent experiments of  a d i f f e r e n t  t ype .  

Such e s t ima tes  

R e s u l t s  obtained from observa t ions  of  t h i s  na ture  can 

I n  p a r t i c u l a r ,  one can use t h e  f a c t  t h a t  t h e  in s t an taneous  su r face  temperature  

a t  a g iven  su r face  element i s  p ropor t iona l  t o  t h e  power r e f l e c t i o n  c o e f f i c i e n t  

a s  a f u n c t i o n  of t h e  frequency and t h e  angle  of t h e  r a d i a t i o n e 2  

t i o n a l i t y  f a c t o r  depends upon thermal p r o p e r t i e s  of  t h e  m a t e r i a l  i n  a given 

a rea  a s  we l l  a s  t h e  amount and dura t ion  of t h e  exposure of  t h a t  a r ea  t o  t h e  

sun. Re la t ions  between va r ious  phys ica l  parameters  involved have been d i s -  

cussed by Giraud i n  connect ion w i t h  t h e  a p p l i c a t i o n  t o  t h e  Lunar su r face  

measurements. 

Mar t ian  atmosphere i n  t h e  p r e s e n t  c a s e e  

The propor- 

O f  course,  some allowance should be made f o r  t h e  e f f e c t  of t h e  

The d e t a i l e d  informat ion  which can 

2 



be obtained a s  wel l  as  t h e  r e l i a b i l i t y  o f  t h e  method depends most c r u c i a l l y  

upon t h e  r e s o l u t i o n  c a p a b i l i t y  of t h e  radiometer  used.  

. .  

A second type  of  experiment u t i l i z e s  an a c t i v e  radar ,  and it can be e f f e c t i v e l y  

employed i n  conjunct ion wi th  pas s ive  r a d i a t i o n  experiments t o  determine t h e  

m a t e r i a l  composition of  t h e  Martian sur face .  

typeI f o r  example, can be used t o  es t imate  t h e  degree of smoothness of t h e  sur-  

f a c e .  

wavelength which then  s e t s  t he  s c a l e  o f  t h e  roughness whose presence o r  absence 

w i l l  be  determined by t h a t  p a r t i c u l a r  observa t ion .  

mented by t h e  t ransmiss ion  of a l i n e a r l y  po la r i zed  wave and t h e  r ecep t ion  of 

bo th  t h e  p a r a l l e l  and or thogonal  components o f  t h e  r e t u r n .  

nes s  r e l a t i v e  t o  t h e  wavelength u s e d  w i l l  be determined from an  observa t ion  of  

t h e  r a t i o  of t h e  amplitudes which correspond t o  t h e  main bang r e t u r n  of t h e  

two rece ived  or thogonal  s i g n a l s .  A rough sur face ,  t h a t  is, one having many 

pro tuberances  whose dimensions a r e  near ly  of  t h e  same o rde r  o f  magnitude a s  

t h e  wavelength, w i l l  s c a t t e r  equal  amounts of  energy po la r i zed  i n  both d i r ec -  

t i o n s ,  whereas a smooth su r face  w i l l  tend t o  s c a t t e r  most of t h e  energy i n  t h e  

form of waves po la r i zed  i n  t h e  same d i r e c t i o n  a s  t h a t  o f  t h e  i n c i d e n t  wave and 

very  l i t t l e  of  t h e  energy re turned  w i l l  be  i n  t h e  form o f  waves po la r i zed  i n  

t h e  or thogonal  d i r e c t i o n .  

A simple measurement of  t h e  a c t i v e  

This  can be done by means of a monostat ic  r a d a r  measurement a t  a given 

The measurement i s  imple- 

The degree of smooth- 

The e lec t romagnet ic  cons t an t s  of t h e  o u t e r  su r f ace  l aye r ,  and poss ib ly  of  

l a y e r s  underneath,  depending on t h e  na tu re  of  t h e  su r face  ma te r i a l ,  can be 

determined along wi th  t h e  depth o f  the  o u t e r  l a y e r  by r ada r  measurements on 

a p a r t i c u l a r  a r ea .  A method f o r  doing t h i s  depends upon t h e  u t i l i z a t i o n  of 

a number of  d i f f e r e n t  f r equenc ie s ,  An a l t e r n a t e  procedure, however, can be 

based upon t h e  use  of frequency scanning a t  a s u f f i c i e n t l y  r ap id  r a t e  i n s t e a d  

of t h e  simultaneous measurements a t  d i f f e r e n t  f r equenc ie s .  A s e r i a l - p a r a h l e l  

sampling technique can be employed i n  t h i s  connect ion.  

The experiment w i l l  y i e l d  depth information only i f  t h e  imaginary p a r t  o f  t h e  

s u r f a c e  d i e l e c t r i c  cons t an t  i s  small  a t  t h e  f requencies  employed. Also, i n  

c e r t a i n  a r e a s  where exponent ia l  g rad ien t s  e x i s t  i n  t h e  o u t e r  l a y e r  o r  where 

t h e  o u t e r  l a y e r  has  s t r o n g  magnetic p r o p e r t i e s  depth measurements which depend 

on t h e  use of  t h i s  technique a r e  not p o s s i b l e .  

geomet r i ca l  conf igu ra t ions  o f  t h e  inne r  l a y e r  may l e a d  t o  ambiguous depth  

It can a l s o  happen t h a t  some 



.. 
measurements; however, a considerable  amount of s i g n i f i c a n t  information should 

s t i l l  be obta inable  even i n  t h i s  ca se ,  

To i l l u s t r a t e  how d a t a  obtained from d i r e c t  r ada r  measnrements can be u t i l i z e d ,  

l e t  us, f o r  t he  moment, assume t h a t  t h e r e  a r e  two su r face  l a y e r s  of which t h e  

i n n e r  one i s  dense and t h e  ou te r  one l e s s  dense and o f  t h i ckness  d .  If t h e  

m t e r  s h e l l  has  an  index of r e f r a c t i o n  n and t h e  i n n e r  s h e l l  an index m, t h e  

vol tage  r e f l e c t i o n  c o e f f i c i e n t  R may be represented  i n  t h e  form 

B i s  the propagat ion cons tan t  i n  t h e  m a t e r i a l  and i s  equal  t o  252/h n’ where hn 

i s  t h e  wavelength i n  t h e  o u t e r  l a y e r ;  R 

c o e f f i c i e n t s  o f  t h e  o u t e r  and inne r  l a y e r s ,  r e spec t ive ly ,  and may be computed 

and R2 a r e  t h e  vol tage  r e f l e c t i o n  1 

from 

1 - n  

l + n  
- R1 - - 9 

The i n d i c e s  of  r e f r a c t i o n  a r e  given by 

m 1 - -  
n 

- 
m 1 + -  n 

R2 - 

where p i s  permeabi l i ty ,  E i s  pe rn , i t t i v i ty ,  s i s  conduct iv i ty ,  and t h e  sub- 

s c r i p t s  0, 1, 2 r e f e r ,  respec t ive ly ,  t o  f r e e  space, t h e  ou te r  l a y e r  and t h e  

i n n e r  l a y e r .  

To s i m p l i f y  t h e  d iscuss ion ,  l e t  u s  assume, f i r s t ,  t h a t  t h e  conduct iv i ty  s of  

t h e  i n n e r  and o u t e r  l a y e r s  i s  zero .  From t h i s  assumption it fo l lows  t h a t  R 1 

and R a r e  r e a l  q u a n t i t i e s .  The equat ion f o r  R now desc r ibes  a simple v e c t o r  2 

4 
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.I 

sum with t h e  v e c t o r  R /2pd r o t a t i n g  about t h e  v e c t o r  R /O 2- 1- 
t h e  wavelength and depth.  

whenever t h e  th i ckness  of  t h e  o u t e r  l aye r  i s  an  odd number of  q u a r t e r  wavelengths. 

A maximum w i l l  occur  whenever t h e  th ickness  i s  an i n t e g r a l  number of  h a l f  wave- 

l e n g t h s .  I t  t h e r e f o r e  seems reasonable t o  r a d i a t e ,  say, t h e  fundamental and 

second harmonic f r equenc ie s  simultaneously o r  a l t e r n a t e l y  and t o  look f o r  

resonances i n  t h e  received dat-a. 

a s  a func t ion  of  

From t h i s  it i s  seen  t h a t  R w i l l  be a minimum 

O f  course,  it i s  not  l i k e l y  t h a t  t h e  conduc t iv i ty  i s  zero  a s  assumed. 

conduc t iv i ty  w i l l  cause t h e  s i g n a l  pene t r a t ing  t h e  o u t e r  l a y e r  t o  be a t t enua ted ,  

and, t he re fo re ,  a s  t h e  wavelength becomes smal l  compared t o  t h e  depth t h e  

resonances w i l l  be  damped and more d i f f i c u l t  t o  d e t e c t .  

has  conduc t iv i ty  t h e  resonance po in t s  w i l l  be s h i f t e d  from t h e  mul t ip l e  q u a r t e r  

wavelength i n t e r v a l s .  Generally,  a well-defined minimum w i l l  occur  when t h e  

depth of  t h e  o u t e r  l a y e r  i s  s l i g h t l y  less than  a q u a r t e r  wavelength i n  t h i s  

case .  

Thus, t h e  r ada r  s c a t t e r i n g  experiment t o  determine depth should be conducted 

a t  f a i r l y  long wavelengths, and a range o f  f r equenc ie s  should be used. 

could a l s o  perform t h e  experiment i r ,  such a way a s  t o  determine t h e  r e f l e c t i o n  

c o e f f i c i e n t s  o f  t h e  s u r f a c e  R a t e r i a l .  

on t h e  q u a n t i t i e s  E ~ I G ~ ,  sl/pl, E ~ / + ~ ,  s2/pzz and dp, it i s  c l e a r  t h a t  simul- 

taneous  measurements w i th  a t  l e a s t  f i v e  d i f f e r e n t  f requencies  should be made 

t o  determine t h e  f i v e  unknowns. 

A f i n i t e  

Also, i f  t h e  m a t e r i a l  

One 

Since t h e  r e f l e c t i o n  c o e f f i c i e n t  depends 

I n  a d d i t i o n  t o  t h i s  kind of  measurement, aimed a t  ob ta in ing  informat ion  about  

the su r face  m a t e r i a l  and a rough es t imate  of t h e  depth  of t h e  o u t e r  su r f ace  

l a y e r ,  a more s o p h i s t i c a t e d  r ada r  experiment i s  a l s o  p o s s i b l e .  

antenna p r i n c i p l e  i n  connect ion with a side-looking r ada r  can be u t i l i z e d  t o  

o b t a i n  a h igh  r e s o l u t i o n  r a d a r  map of t h e  Martian sur face ,  and, i n  f a c t ,  o f  

t h e  i n n e r  s u r f a c e  l a y e r  i f  t h e  appropr ia te  frequency needed f o r  p e n e t r a t i o n  t o  I "  

t h e  requi red  depth i s  used. This  frequency w i l l  be known from t h e  d a t a  obtained 

i n  t h e  prev ious  r a d a r  experiment.  

t h e  c o n s t r u c t i o n  of a contour  map of t h e  i n n e r  su r face  having f i n e  r e s o l u t i o n  

i n  b o t h  t h e  range and azimuth d i r e c t i o n s .  

The s y n t h e t i c  

The s y n t h e t i c  antenna p r i n c i p l e  w i l l  permi t  



. .  c 

To implement t h e  h igh- reso lu t ion  mapping experiment, an a l t i m e t e r  t o  determine 

t h e  he igh t  of t h e  veh ic l e  w i l l  probably be needed. 

v e l o c i t y  r e l a t i v e  t o  t h e  su r face  should be c o n t r o l l e d  o r  a t  l e a s t  measured 

s i n c e  t h i s  knowledge would be required f o r  process ing  t h e  r a d a r  da t a  i n  o r d e r  

t o  c o n s t r u c t  t h e  E n a l  map. 

I n  addi t ion ,  t h e  veh ic l e  

n--- neauluLlull , .c:~, - ,  c-f" a b w t  nne-half m i l e  can be obtained from b i s t a t i c  measurements 

w i th  t h e  t r a n s m i t t e r  i n  t h e  o r b i t o r  o r  f ly-by v e h i c l e  and t h e  r e c e i v e r  on t h e  

ground. 

weight can be added wi thout  pena l ty .  

fly-by veh ic l e  w i th  s to rage  c a p a b i l i t y  t o  a l low f o r  a lower da t a  r a t e  f o r  telem- 

e t r y  t ransmiss ion  t o  t h e  ground i n  order  t o  reduce bandwidth and power requi re -  

ments i n  t h e  o r b i t o r  o r  5n t h e  fly-by veh ic l e .  

For  f i n e r  r e s o l u t i o n  t h e  t r a n s m i t t e r  w i l l  be  on t h e  ground where more 

The r e c e i v e r  would be i n  t h e  o r b i t o r  o r  

The success fu l  implementation o f  a l l  o f  t h e  above experiments w i l l  provide a 

cons iderable  amount o f  in format ion  p e r t a i n i n g  t o  t h e  geometr ical  and phys ica l  

na tu re  of  t h e  Martian sur face  and i t s  subs t ruc tu re .  This  information should 

be of ines t imable  va lue  i n  t h e  s e l e c t f o n  of a s a f e  landing  s i t e .  Therefore,  

it would c l e a r l y  be worth a g r e a t  dea l  of  t echno log ica l  e f f o r t  t o  provide a 

system capable  of suppor t ing  such an experimental  program. 

I would l i k e  t o  express  my apprec ia t ion  t o  D r .  I r v i n  Kay of our  s t a f f  f o r  h i s  

c o n t r i b u t i o n s  i n  t h e  p repa ra t ion  of t h i s  paper .  
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APPENDIX B 

MEMO TO: Jack M i l l e r  

FROM : David Ga l b r a  i t h  

SUBJECT: A Calcu la t ion  of  Atmospheric Radiat ion Transfer  

May 6,  1963 

I n  t r o  duc ti on 

The v a r i e t y  of  methods u s e d  i n  c a l c u l a t i n g  t h e  e f f e c t  o f  a given 

p l a n e t a r y  atmosphere upon su r face  temperature  appears  t o  be i n  l a r g e  

measure r e spons ib l e  f o r  t h e  d i f f e rences  of opinion concerning t h e  atmos- 

phere  of Venus. 

appear  t o  use an  exponent ia l  r e l a t i o n s h i p ,  

The ma jo r i ty  of c a l c u l a t i o n s  on t h e  Greenhouse e f f e c t  

4 -T 4 Te = e s Ts 

where T 

T 

f o r  i n f r a r e d  r a d i a t i o n .  

an  energy flow decrease l i n e a r  with o p t i c a l  depth,  

i s  t h e  e f f e c t i v e  r a d i a t i o n  temperature  of t h e  p l a n e t  i n t o  space,  

t h e  o p t i c a l  depth of  t h e  atmosphere 
e 

i n  t h e  s u r f a c e  temperature ,  and I- 
S S 

D r .  zp ik  (Ref .  4 )  used an express ion  which g ives  

This  formula r e q u i r e s  a much h igher  o p t i c a l  depth t o  produce t h e  observed 

tempera tures  than  d i d  equat ion (l), and Gpik was l e d  t o  conclude t h e  Green- 

house e f f e c t  would n o t  o f  i t s e l f  be capable  of expla in ing  Venus' tempera- 

t u r e s .  

t h a t  o f  Ohring and Cot& (Ref,? 3 ) ,  whase formula,  

Probably t h e  b e s t  formulat ion app l i ed  t o  t h e  problem t h u s  f a r  i s  

1 
i s  exac t  f o r  t h e  case  of no s c a t t e r i n g .  

when a n  ex tens ive ,  h igh  cloud cover i s  taken i n t o  account ,  a s u f f i c i e n t  

Greenhouse e f f e c t  may be maintained by a p h y s i c a l l y  r e a l i z a b l e  atmosphere. 

Unfortunately,  t h e  mathematics of  equat ion ( 3 )  r e q u i r e s  a n  excess ive ly  

l a r g e  non-rad ia t ive  t r a n s f e r  of h e a t  from t h e  atmosphere t o  t h e  s o l i d  

Ohring and Cote have shown t h a t  

- 1 -  



su r face  i n  o rde r  t o  maintain t h e  h e a t  ba lance .  

more exac t  formulat ion of  t h e  atmospheric h e a t  t r a n s f e r  problem i s  h ighly  

d e s i r a b l e  a t  t h i s  t ime, t o  provide a b a s i s  f o r  d i scuss ion  of  t h e  va r ious  

proposed models o f  t h e  Cytherean atmosphere. The mathematics requi red  

f o r  such a formulat ion i s  a v a i l a b l e ,  and i s  discussed i n  Chandrasekhar 

(Ref. 2 )  and Busbridge (Ref. 1). 

er ical  t y p e  of so lu t ion ,  is  set f o r t h  below. 

It t h u s  appears  t h a t  a 

This formulat ion,  which r e q u i r e s  a num- 

Derivat ion 

Suppose we have an atmosphere which absorbs and s c a t t e r s  i s o t r o p i c a l l y ,  

and emits  r a d i a t i o n  i n  the  range of  i n t e r e s t  i s o t r o p i c a l l y  according t o  

an  a r b i t r a r y  func t ion  of  p o s i t i o n .  

c o e f f i c i e n t  k,  t h e  r a t i o  of s c a t t e r i n g  t o  absorp t ion  i s  LU 

func t ion  i s  B ' (x) ,  t h e  d i f f e r e n t i a l  equat ion governing t h e  i n t e n s i t y  I of  

r a d i a t i o n  i n  an  a r b i t r a r y  d i r e c t i o n  x i s  

If t h e  mass dens i ty  is  0, t h e  abso rp t i an  

and t h e  emission 
0' 

w a1 
= kp I + kp 471, [Idu + 71 B T  ( x )  (4) 

We s h a l l  assume t h a t  t h e  only ne t  v a r i a t i o n  with p o s i t i o n  i s  due t o  changes 

i n  t h e  a l t i t u d e  Z ,  where Z = X cos 0 .  

becomes 

Thus t h e  d i f f e r e n t i a l  equat ion 

071 

COS e 31 = - I ( z , e )  + - j o  I ( z , B ' )  s i n  @ ' d e ' +  B"(z) (4a )  
kP aZ 2 71 

F i n a l l y ,  t h e  r ep resen ta t ion  i s  s impl i f i ed  somewhat by in t roducing  t h e  

v a r i a b l e s  

/L = cos  e 
r z o  

T =Az kpdz' 

where Z 

a s  t h e  o p t i c a l  depth.  

i s  a n  a r b i t r a r y ,  cons tan t  a l t i t u d e  ( o r  i n f i n i g y ) ,  and I- i s  known 
0 

Equation (4a )  becomes 



Equation ( 5 )  i s  s t r i c t l y  t ruB only f o r  a s i n g l e  frequency, b u t  i P  i s  

f r equen t ly  accep tab le  t o  assume t h a t  t h e  atmosphere i s  ('grey'' - i .e . ,  

t h e  va r ious  parameters do not  vary wi th  frequency. 

equat ion ( 5 )  may be used t o  determine t h e  t o t a l  r a d i a t i v e  i n t e n s i t y  

i n  t h e  atmosphere. 

I n  t h i s  case ,  

D i f f e r e n t i a l  equat ion (3)  i s  n o t  exac t ly  s o l u b l e  except f o r  t h e  very 

s imples t  of phys i ca l  models f o r  an atmosphere. 

however, i s  capable  o f  providing s o l u t i o n s  t o  any requi red  degree of  

approximation, provided t h e  source func t ion  B ( i )  i s  known. For many 

p lane ta ry  atmospheres, t h e  l a p s e  r a t e  ( temperature  v s .  a l t i t u d e )  may be 

assumed t o  be a d i a b a t i c ,  thus  def ining B ( T )  f o r  a given model of  p and k 
a s  func t ions  of a l t i t u d e .  

The method d iscussed  below, 

The s o l u t i o n  t o  equation ( 5 )  i s  found i n  t e r n s  of t h e  func t ion  

I t  i s  convenient t o  s p l i t  up t h e  r a d i a t i o n  i n t e n s i t y  I ( 7 , ~ )  i n t o  two 

func t ions ,  I ( T , + ~ )  and I ( T , + ) ,  t h e  outgoing (upward) and incoming 

i n t e n s i t i e s  r e s p e c t i v e l y .  

va lues  only .  

The parameter p i s  then  r e s t r i c t e d  t o  p o s i t i v e  

With t h i s  no ta t ion ,  equat ion ( 5 )  becomes 

This  s p l i t t i n g  up i s  necessary because t h e  boundary condi t ions  a r e  normally 

given as t h e  i n c i d e n t  r a d i a t i o n  a t  e iFher  s i d e  of t h e  atmosphere: 

where T 

( T ~  = 0 i f  t h e  whole atmosphere i s  cons idered) ,  and -r2 i s  t h e  o p t i c a l  

depth a t  t h e  lower boundary. 

i s  t h e  o p t i c a l  depth a t  t h e  upper boundary under cons ide ra t ion  1 
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We now de f ine  t h e  func t ion  Y(T) and t h e  i n t e g r a l  ope ra to r  LT { O ( t ) ) :  

where E ( x )  i s  t h e  n = 1 case  o f  t h e  exponent ia l  i n t e g r a l :  1 

I t  can be shown t h a t  wi th  
co 

n=O 

t h e  s o l u t i o n s  t o  equat ions (?a) and (5b) a r e  given by 
7 

(t--7) } dt 
P- ( t )  exp I- (T2--T) } + J 2++ 

I (T,  +P> = 1 2 ( 4  exp I- P- 

7 

I n  a numerical  c a l c u l a t i o n ,  w e  obviously cannot f ind  ?(T) from equat ion 

(11) exac t ly .  It  can be shown t h a t  t he  func t ion  

n=o 
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converges t o  V(T) a s  N+co. 

but  as cu approaches uni ty ,  N may have t o  be q u i t e  l a r g e  t o  obta in  a c l o s e  

approximation. 

For cu small, t h e  convergence w i l l  be rapid,  
0 

0 

Discussion 

There a r e  seve ra l  uses  t o  which c a l c u l a t i o n s  based upon t h e  foregoing 

f o m u l a t i o n  may be pu t .  

recent  work by Ohring and Cote'. 

t h e i r  work r equ i r e s  a l a r g e  non-radiative h e a t  t r a n s f e r  from t h e  atmosphere 

t o  t h e  s o l i d  sur face .  

which t ake  i n t o  account s ca t t e r ing  as wel l  a s  absorpt ion i n  t h e  atmosphere 

would show t h i s  h e a t  t r a n s f e r  requirement t o  be smaller  than is  indica ted  

by t h e  pure ly  absorp t ive  ca l cu la t ions  of  Ohring and Cote . 
expect t h i s  quan t i ty  t o  be eliminated e n t i r e l y ,  bu t  it might be reduced 

i n  s i z e  t o  sanething which could be accounted f o r  by a process such as 

Opik's wind f r i c t i o n .  

atmosphere below t h e  clouds,  t h e  c a l c u l a t i o n s  mus t  be done f o r  a wide  

v a r i e t y  of combinations of o p t i c a l  depth, s c a t t e r i n g  albedo co 

centage of cloud cover i n  order  t o  e s t a b l i s h  f e a s i b l e  ranges of p o s s i b i l i t y  

f o r  t h e s e  parameters.  Other ca l cu la t ions  f o r  which t h i s  formulation should 

be a t  least  p a r t i a l l y  adaptable  would inc lude  ca l cu la t ions  of  t h e  he igh t  

t o  which convective flow can be maintained i n  t h e  atmosphere, both f o r  

t h e  Greenhouse and f o r  t h e  Aeolosphere models. 

O f  p a r t i c u l a r  i n t e r e s t  would be an extension of 

A s  i s  mentioned i n  t h e  in t roduct ion ,  

I t  would appear l i k e l y ,  however, t h a t  c a l c u l a t i o n s  

0 One would n o t  

b0  

Since v i r t u a l l y  nothing i s  known about Venus' 

and per-  
0' 
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